Abstract; The present status of photoelectron spectroscopy in the 50-500 eV range is discussed in relation to its application to surface science. Instrumentation aspects of synchrotron radiation sources are reviewed. The direct transition model is shown to be applicable in this range with some limitations. Cooper minima and adsorbate sensitivity enhancement for hv > 100 eV are reviewed. A new effect-condensed phase photoelectron asymmetry-is noted.
In this context it is clear that the surface sensitivities of these electron spectroscopies are derived from their short mean free paths of less than 10 A in the kinetic energy range ^20-200 eV. Any given technique tends to be surface sensitive to the extent that it involves detection of electrons in this energy range. Thus, AE5 may be more surface-sensitive for one material and XPS for another.
Specializing now to photoemission, the standard labora tory photon sources tend to eject electrons with energies that are either too low ('vlO eV in the case of UPS) or too high (^1000 eV in XPS) to give the best surface sensitivity.
While this point can be successfully challenged for many specific cases, it nonetheless is usually true that for optimal surface sensitivity one would prefer to have the this growing body of work we have selected for discussion below a subset of studies defined by the conditions that they involve photoemission, and that they specifically require synchrotron radiation in the 50-500 eV range. Even with these restrictions, choices were necessary. We have, for example, omitted semiconductor interface studies, which were 4 reviewed recently by Lindau and Spicer.
The discussion below is presented in three sections.
General comments about photoemission in the 50-500 eV range appear in Section II, supported by specific observations drawn from SSRL. The atomic nature of certain photoemission phenomena in this range is noted and discussed in Section III.
Finally, photoelectron diffraction-a new effect-is treated in Section IV.
II. PHOTOEMISSION IN THE 50-500 eV RANGE
This topic will be treated in two parts. Section II.A. describes experimental parameters on the SSRL 4° branch line in a summary manner, and Section II.B, cites the results of recent studies on clean surfaces at SSRL, Tantalus, and LURE that are of special interest in delineating the applicability of the technique.
A. Experimental Aspects of Synchrotron Radiation Sources
The important parameters that characterize photon sources for photoemission are intensity, resolution, spot size, polarization, time structure, spectral purity, and various factors related to steadiness and reliability of the beam.
These parameters are of little direct interest to the surface scientist, but they become critical, and usually limiting, when planning and executing photoemission experiments in the 50-500 eV range. We shall describe briefly the present status of these parameters for the 4° branch at SSRL, which is the only beam line in the world with a long history of photo emission in this range. New lines are planned or underway in several laboratories, and some of these parameters should be improved in most of them, as well as at SSRL, in the near future. Nevertheless, the present comments can serve as a useful baseline. StOhr and Johansson gave the energy dependence of the photon flux for several sets of conditions. In Fig. 1 we show a cypical curve illustrating the photon flux as measured by the photocurre'it on a calibrated NBS photodiode for the 4° branch line with "old" optical surfaces.
We may summarize the photon intensity situation as follows. Combining the above figure with typical photoelectric cross-sections in the 50-500 eV region, and taking due account of various detector sensitivity factors, one concludes that 8 9 -1 the presently available fluxes of 10 -10 sec are barely acceptable for surface-science studies. Indeed, experiment has borne this out; thus far it has usually been necessary to concentrate on a few carefully chosen prototype systems.
An intensity increase by a factor of 100 or more will improve this situation dramatically.
The spectral purity factor comes up in an insidious w .y.
Referring to Fig. 1 Finally, we address the time structure of the source in the context of considering the electron analyzer, a closely related problem. It is important to note that photoemission from surfaces is manifestly a three-vector problem at its simplest, and more generally a five-vector problem. The radiation vector potential A must always be considered, as must the photoelectron's momentum vector p and the surface normal n. To these we must add vectors to describe crystallographic axes and/or adsorbate orientation. Clearly, it is desirable to control the relative orientation of these vectors by moving the analyzer and sample. In our research group this has been achieved by a hemispherical analyzer with twocircle rotation which is "semidispersive" in that it analyzes and collects electrons over a small energy range by means of a two-dimensional resistive strip.
The time-structure of SPEAR also provides an alternative approach: electron energy analysis by time-of-flight (TOF)
techniques. An early TOF analyzer was developed by the Xerox 11 group, and used to prove the feasibility of this approach at SSRL. Recently high-resolution, high-efficiency performance has been obtained on another beam line in TOF studies on 12 gases.
It appears that the TOF approach offers the possi bility of enhancing the detection efficiency of photoelectron 2 3 analyzers by a factor of 10 -10 over ordinary single-channel analysis-a very worthwhile improvement. While the pulse structure of SPEAR t 300 psec pulse width at 78a nsec intervals) is particularly well-suited to TOF detection, other present and planned storage rings have timing characteristics that should allow this approach as well.
B. Photoemission From Clean Surfaces: Selected Results
In this subsection we review briefly the main salient features of photoemission from clean surfaces that have been established in the 50-500 eV range to date. A more extensive 13 review of the earlier aspects has appeared elsewhere, and they will be discussed only briefly below.
First, we state the obvious fact that bulk spectroscopic properties of any sample must be understood if one is to study its surface spectroscopy. This follows because a major portion of the spectral intensity often comes from the bulk, even for surface-sensitive techniques.
Most early photoemission experiments were carried out in an angle-integrated mode or on polycrystalline samples, yielding angle-averaged spectra. For some types of studye.g., dispersed particulates-this will continue to be the Angle-resolved photoemission is a different matter.
The first systematic angle-resolved studies of single crystals in this energy range were carried out at SSRL on Cu and Au.
They showed very marked variations of spectral shape with photon energy, as well as large differences with direction of electron propagation relative to the crystalline axes.
These observations were ultimately understood in terms of the direct-transition model (DTM) ' ' At first it was rather surprising that the DTM would be applicable at these high photon energies, but it now appears that the DTM fit will apply to many materials. As an example of the detail in which angle-resolved photoemission spectra can be fitted to the DTM, we show in Fig. 1 Here q is the momentum of the photoelectron and Ar is the instantaneous thermal displacement of an atom in the lattice.
The functional dependence of f upon q and Ar tells us that these two parameters are equivalent. Thus, to maximize the DTM mechanism we should work at low photon energies and/or temperatures. In fact for most materials the lattice stiff ness is such that photon energies up to hv ^ 100 eV are acceptable at room temperature, and hv ^ 500 eV may be tolerated for some, but the true laboratory-source XPS regime, hv > 1000 eV, will practically eliminate direct transitions.
Similar effects are well-known in x-ray crystallography, and of course in LEED studies. Cooling the sample helps, but 2 zero-point motion sets a lower limit on < Ar ) and limits the improvement that can be realized. Although these arguments pertain to bulk solids, similar considerations apply to adsorbate systems. They also derived a surface-layer density of states for the Little application has been made as yet of this approach, but more can be expected as photon sources in the hv > 100 eV range become more widely available. It should also be noted that discrete laboratory sources may also be applicable.
For example, the YM_ line lies at hv = 132 eV.
B. Condensed-Phase Photoelectron Asymmetry
Even a review article should contain some new material. 37 In this subsection we describe a recently discovered effect that has implications for all photoelectron spectroscopy in condensed phases-namely, the dependence of the differential photoelectron cross-section, da/dn, upon the angle a between the vector potential of the photon field, A, and the photo electron momentum, p. Here, a is the angle-averaged cross-section, e the photoelectron kinetic energy, and P 2 the second LeGendre Polynomial 2
•'•:) = 3x /2 -1/2. The asymmetry parameter, 3(e), has the limits -1 < 3(e) < 2, as required to insure that do/dfi is nonnegative. In the past, Yang's theorem was applied to atoms and molecules, for which many 3(e) values have been calculated.
In condensed phases, however, photoelectron asymmetry from . . + -source was either ignored or unknown. In ordered solids, for example, there are other important angular distribution effects. Angle-resolved photoemission from valence bands, discussed in Section II, arises via k conservation. DiffracLiuii effects, discussed in Section IV, also arise from lattice periodicity. The 3(E) term for a randomly oriented system has, however, received little attention.
At low photon energies (and low e values), asymmetry effects are not usually very striking. The 3Ce) parameter is seldom near either of its limits. Asymmetry effects are smaller with laboratory sources because they are unpolarized, and even with (polarized) synchrotron radiation, the angle a between A and p is typically fixed at some value far from 0°, so that dramatic effects that could arise through the pertur bation term
are minimal. Thus the 3(e) effects, which are very large, have gone unnoticed, or at least unremarked.
In early experiments designed to st-udy photoemission from surfaces in s polarization, we found a great decrease in intensity. With our new movable analyzer we have been able to control the angle a and measure 3(e) for core levels of disordered or polycrystalline materials (thereby satisfying 37 Yang's criterion).
Very large effects were observed. For example, the photoelectron intensity for the Ag(4s) level increased by a factor of 25 as a was reduced from 90° to 48°.
The P 2 (cos a) dependence was confirmed, permitting the derivation of 6 values. Figure 7 shows 3(e) and CT(E) for the Ag(4s) and Ag(4d) shells, as well as theoretical values of 3 these parameters calculated for xenon by Kennedy and Manson.
The agreement is remarkable. The 4s peak shows near maximum 2 asymmetry-i.e., 3 = 2, or a cos a distribution-while the 4d shows distinctive atomic character. At the same time,
the condensed phase appears to increase the observed value of 3(e) throughout relative to atomic expectations. This is a consequence of the fact that the NPD intensity is a coherent superposition of several Lr,£D beams, measured in the direction of highest symmetry. Figure 8 shows the magni tude of the NPD effect in a series of raw spectra for the system p(2*2)Se/Ni(001). Two features are notable in this figure: the remarkable surface sensitivity, which allows a quarter-monolayer selenium coverage to yield a major peak, and the large modulation of peak intensities. The latter is displayed in Fig. 9 for the Ni substrate valence-band and 3p other systems have been studied ' and have yielded promis ing curves, suggesting that they, too, will provide unambig uous structures. They are listed in Table I . For both of the systems given above, the data yielded d, , the adsorbatesurface interplanar distance, directly, and established the Se atoms as lying in fourfold hollow sites. A strong feature of NPD is that dj^ follows from the positions of the intensity maxima, rather than from their amplitudes.
Although NPD is a new technique, it is already quite promising as a structural method. It seems to be applicable to a wide range of systems, as shown in Table I . It can yield structures, and it is applicable to disordered or very low-coverage overlayer systems (which LEED is not). Figure 10 compares low-coverage and ordered Se/Ni(00l) NPD curves, show ing that the effect is retained for disordered overlayers.
Further work is required to evaluate NPD, APD, and the other phenomena discussed in this paper, but it appears probable that photoemission in the hv = 50-500 eV range with be of considerable interest to surface science. 
